The paper presents a novel technique for an accurate identification of the inverter nonlinear effects, such as the dead-time and on-state voltage drops. The proposed technique is very simple and it is based only on a current control scheme. If the inverter load is an AC motor, the inverter effects can be identified at drive startup using as measured quantities the motor currents and the inverter DC link voltage. The identified inverter error is stored in a Look-Up Table (LUT) that can be subsequently used by the vector control algorithm. The proposed method has been tested on a 1 kVA inverter prototype and the obtained results demonstrate the feasibility of the proposed solution.
INTRODUCTION
The continuous need for energy saving induced the need for more efficient electrical drives. The research work has focused on more efficient AC machines and also on optimal control techniques able to fully exploit the machine features. Moreover, in many applications sensorless control techniques have been introduced, leading to a cost reduction and to increased reliability compared with the drives that use mechanical position sensors [1] [2] [3] [4] [5] [6] [7] . While the induction motor is still a valid solution for many applications, the use of synchronous machines like the Surface Mounted Permanent Magnet (SMPM) and Internal Permanent Magnet (IPM) have been expanded to applications like automotive, home appliances and power generation. Independently on the adopted motor solution, the inverter influence on the control scheme is represented by the distortion of the inverter output voltage due to the dead-effects. In case of sensorless drives, this distortion usually causes a non-optimal motor exploitation at low speed operation due to an error in the estimated position of the adopted reference frame used by the motor control scheme. In addition, the motor currents will be distorted, resulting in unnecessary torque ripple. The low speed is intended as the speed range where the voltage drop on the machine resistance cannot be neglected with respect to the machine back-EMF. The literature reports many papers describing the inverter nonlinear behavior and its influence on sensorless control of AC machines [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , as well as compensation schemes. Most of the papers consider the inverter influence as a pole voltage error that depends on the sign of the pole current, suggesting that the inverter error can be modeled as sign function of the phase current [1] [2] [3] [4] [5] [6] [7] [8] [9] . A more detailed analysis presented in [11] demonstrated that the pole voltage error depends also on the pole current at low current values, due to the power devices parasitic capacitances. An analytical technique based on power devices datasheet has been presented in [18] to get the voltage error. However, the power devices parameters may change respect to the data sheet and due to the temperature variation. For this reason, a self-commissioning solution, able to obtain the inverter pole voltage error according the phase current is preferred. The solutions presented in the literature are based on harmonic analysis of currents in synchronous reference frame [10] , repetitive control [15, 16] or on the flux observer used for motor flux estimation, as in [17] . The inverter self-commissioning algorithm proposed in this paper does not depend on the machine type and needs only a roughly tuned current control scheme using normal current measurement techniques employed by low-cost systems. The procedure is executed with the motor at standstill, or even with a three-phase passive Resistive-Inductive (RL) load if the inverter commissioning is performed without having the target motor available. The inverter pole voltage error is mapped in a Look-Up Table ( LUT) having as input the phase current. The paper is organized as follows. The inverter nonlinear effects are briefly analyzed in Section II. The detailed description of the self-commissioning procedure is performed in Section III. Experimental results obtained for a 1 kVA inverter prototype are presented in Section IV to validate the proposed solution.
INVERTER NONLINEAR EFFECTS
The inverter modeling has been analyzed in many papers, with the aim at describing and compensating the voltage error between the command voltage and the actual motor voltage. As already known, this voltage error is produced by the following sources:
(1) inverter dead-time; (2) on-state voltage drops on the power switches.
A. Dead-time voltage error
As demonstrated in the literature [7] , the dead-time voltage vector error is
where V dc is the inverter DC link voltage, f s is the switching frequency and t d is the dead-time as the time interval between the off state and on state of two controllable power switches belonging to the same inverter leg. The nonlinear term in (1) is the vector signum of the inverter load currents defined as [7] ( ) From Fig.2 , it results that the voltage error caused by the dead-time effects and computed with (1) has two components in stator current frame. The direct component introduce fundamental voltage error, while the quadrature component has zero mean value and produces only distortion at six times the fundamental frequency.
B. Voltage error caused by on-state voltage drops
As shown in the literature [7] , for small inverter output voltages (duty-cycles around 0.5), the voltage error vector due to the on-state voltage drops can be written as
where the threshold voltage V th and the equivalent dynamic resistance R d are computed as
where subscript 'sw' stands for active switch (e.g. IGBT) while the subscript 'fw' stands for freewheeling diode. It can be clearly seen from (3) that the voltage error contains one nonlinear term that is similar with the voltage error caused by the dead-time, while the other term is a linear voltage drop.
C. Overall inverter voltage error
According to (1) and (3), the overall inverter voltage error vector is
where
The inverter nonlinear effects is represented by the equivalent term ' th V that includes both dead-time and onstate threshold voltage. While the voltage error vector (5) represents properly the inverter behavior at high load current levels, the situation changes significantly for low current levels. As shown in [11, 18] , at low current levels the power switches turn-off time increases dramatically. That is equivalent to a reduction of the term ' th V in (5) . A comprehensive modeling of the inverter behavior at low current levels is reported in [11, 18] . The inverter error identification aims at obtaining the voltage error (5) with a simple self-commissioning procedure without using power switches data sheet [18] or other complicated algorithms [15, 16] . According to (5) , the inverter voltage vector contains one linear term that can be seen as an additional resistance R d that must added to the load resistance. For this reason, the proposed algorithm gets first the total resistance. Then the nonlinear pole voltage error is obtained, as described in detail in the next section.
IDENTIFICATION OF THE INVERTER ERROR
The employed control scheme for inverter selfcommissioning is shown in Fig. 3 . The inverter load can be any kind of three-phase motor (induction, PM, IPM) compatible with the inverter rated power, but the proposed algorithm can be tested also with a three-phase RL load as well. The control uses a conventional current control scheme implemented in a rotating (d,q) frame. If the position used for direct and inverse transformations is equal to zero, then the imposed current vector is aligned on the α-axis in stationary reference frame, since the reference q-axis component is also set to zero, as shown in Fig.3 . As consequence, the reference current on d-axis will be the magnitude of the current vector I test imposed to the motor along the α-axis that also coincides with the motor phase aaxis. In this case, 
As described above, the inverter identification is performed using two different steps.
A. Step 1: Evaluation of the overall resistance R d +R s
For motor currents that are high enough, the nonlinear term of (7) does not depend on the current value, if the DC link voltage does not change. This property can be used by generating two different constant current levels I test1 and I test2 along α-axis, as shown in Fig.4 . If the load is a PM machine or an IPM machine, then an initial parking current must be used to park the rotor along the α-axis. The time length of the parking pulse must be high enough to avoid any rotor oscillations. If the load is an induction machine or a synchronous machine with the rotor parked along the α-axis, then the motor operation is DC and no torque is produced. As result, the rotor speed is zero and the entire voltage generated along α-axis will be applied to the overall resistance R d +R s . Taking into account the inverter error, the reference voltage generated by the current control on α-axis at DC steadystate operation is
Assuming the same nonlinear term for the two current steps, then the overall resistance can be obtained as The time length for the two current steps must be high enough to get steady-state DC operation. The voltages used in (9) can be sampled at the end of each current pulse. The values used for I test1 and I test2 must be chosen to be similar with the machine rated peak current. The overall resistance in (9) is accurate only if the DC link voltage does not change during the two current steps.
B. Step 2: Evaluation of the pole error voltage
The pole error voltage is obtained as a Look-Up Table  ( LUT) whose input is the phase current that is in a range between 0 and a maximum value I test,LUT . The LUT is obtained by imposing a staircase current in the α-axis using a specified number of steps, as shown in Fig. 5 . The time length of one current step should be chosen to get DC steady-state operation. At the end of each current step k, the reference voltage on the α-axis will be
Assuming a constant overall resistance that is detected using (9) , then the pole voltage error for the k th current step is
The LUT can be built by storing the pole error voltage, the maximum test current and the step number.
Since the inverter pole voltage error is symmetrical for both positive and negative values of the load current [18] , only the positive load current case suffices for a complete characterization of this error.
EXPERIMENTAL RESULTS
The experimental tests have been performed with an 1 kVA IGBT inverter prototype based on the ST Microelectronics STGIPL14K60 power module (described in Appendix) that uses 1 μs of dead-time and a switching frequency of 16 kHz. The inverter test setup is shown in Fig. 6 . The inverter DC link is fed by a regulated DC voltage supply, while the inverter load is an induction motor. described in Appendix. The DC link voltage supply allows keeping a constant DC link voltage during the inverter self-commissioning test. The whole identification control algorithm has been implemented on a Texas Instruments control card with the TMS320F28069 microcontroller. The control sampling frequency has been set at 16 kHz. The current measurement has been done using shunts mounted between the IGBTs emitters and the negative DC link rail, as for low cost systems. The phase currents have been evaluated by synchronous sampling with the underflow condition of the timer used as time base for the PWM generation units of the microcontroller. The inverter identification test has been performed first up to the maximum motor current of 8A using 128 points. The time length for one current step has been set at 250 ms. The results from Fig. 8 clearly demonstrate that above 3A the voltage error is a flat curve, i.e. the equivalent term ' th V from (5) becomes constant. As a consequence, the inverter pole voltage should be obtained only between 0 and 3A, using a proper LUT resolution. The final pole error voltage identification has been performed using 64 points LUT up to 3A of phase current. The motor phase current i a during the identification is shown in Fig.9 . The current steps I test1 and I test2 used for the overall resistance identification were 3A and 5A, respectively. Although the motor used for the test was an induction machine, the implemented algorithm used an initial current step of 2A that was normally used for rotor parking of a PM machine, as described in Fig. 5 . The pole voltage errors resulted from the identification are shown in Fig. 10 . The obtained LUT can be used to get the inverter error voltage vector in stationary frame, as shown in Fig. 11 . The proposed algorithm has been tested also for different values of the dead-time and the results are shown in Fig.12 for a DC link voltage of 340V. As expected, the voltage error proportionally increases with the dead-time.
CONCLUSIONS
The paper presents a simple self-commissioning algorithm for the identification of the inverter nonlinear effects in AC drives. When compared to previous solutions from the literature, the proposed self-commissioning algorithm does not depend on the adopted vector control technique and needs only a current control scheme based on a normal current measurement procedure used for low cost systems. The proposed procedure is implemented with the motor at standstill before the drive startup. The identification procedure obtains the inverter pole error voltage as a LUT having as input the phase current, with no need of complex computations or power devices datasheet parameters. Experimental results for an 1 kVA inverter prototype are provided to validate the proposed solution. for different values of the dead-time.
APPENDIX
The STGIPL14K60 is a 600V, 15A, Intelligent Power Module (IPM) that contains a three-phase IGBT inverter with internal drivers and operational amplifiers for current sensing using bottom side shunts. The motor is a 700 W, 195V/60Hz, 3A, 2-poles, three-phase induction machine built for home appliances. 
